Nicotinamide adenine dinucleotide (NAD) is a metabolite that was first identified over 100 years ago. At that time, Nobel laureate Sir Arthur Harden discovered a molecular fraction involved in yeast fermentation that he called "cozymase." Subsequent work of, among others, three additional Nobel laureates, notably Otto Warburg, led to the identification of NAD^+^ as an essential cofactor of many biochemical reactions either in its oxidized (NAD^+^) or reduced (NADH) form ([@bib8]; [@bib23]). For instance, NAD^+^ is used as a cofactor in glucose and fat breakdown, whereas NADH is used as a substrate for the electron transport chain ([Fig. 1](#fig1){ref-type="fig"}). NAD^+^ precursors have been used extensively as dietary supplements: nicotinic acid (NA; also known as niacin) and nicotinamide (NAM) have been long used to treat pellagra, a niacin deficiency ([@bib16]). Niacin is also a commonly used anti-hyperlipidemic drug. Yet it is only in recent years, after the discovery of the sirtuin protein family, that NAD^+^ metabolism has emerged as a hot topic for drug development. The key discoveries that led to this increased interest in NAD^+^ metabolism were the finding that yeast Sir2p was required for the lifespan extension brought about by caloric restriction ([@bib32]), and the identification of sirtuins as NAD^+^-dependent enzymes ([@bib27]). These two key findings suggested that this class of enzymes could "sense" the metabolic state of the cell, as the NAD^+^/NADH ratio is largely influenced by the availability and breakdown of nutrients. Because some of the sirtuins in turn regulate the activity of key (transcriptional) metabolic regulators, such as FOXOs, PGC-1α, and p53, the NAD^+^/sirtuin axis was shown to play a predominant regulatory role in metabolism ([Fig. 2 A](#fig2){ref-type="fig"}). Clinical interest was primarily raised by the finding that NAD^+^/sirtuins promote mitochondrial function, which has made this pathway an attractive target for treating diseases with a mitochondrial contribution, ranging from genetic mitochondrial diseases to cancer and common age-related diseases, including those of the metabolic and nervous systems ([@bib19]; [@bib25]). Here, we discuss different means of NAD^+^ modulation with a particular focus on compounds such as NAD^+^ precursors, PARP inhibitors, and resveratrol, and describe how these induce mitochondrial function and translate to clinical applications.

![**Diverse metabolic actions of NAD^+^.** Schematic overview of how NAD^+^ and NADH are used as metabolic cofactors, either in more traditional oxidoreductase reactions (green NAD^+^) or in more recently discovered regulatory roles as a cosubstrate for the reactions catalyzed by sirtuins and PARPs (red NAD^+^). Note: reactions shown here are only a small representation of those that involve NAD^+^.](JCB_201207019_Fig1){#fig1}

![**Metabolic control by modulating NAD^+^ levels.** (A) NAD^+^ levels dictate the activity of SIRT1 and SIRT3, which in turn regulate a variety of metabolic proteins. The protein targets shown here just represent a selection. (B) Mitochondrial function is regulated by sirtuin enzymes, notably SIRT1 and SIRT3, which are under the control of NAD^+^ levels. Modulating NAD^+^ levels results in improved mitochondrial function with clinically beneficial effects.](JCB_201207019_Fig2){#fig2}

NAD^+^ metabolism---the bench
=============================

The biochemistry of NAD^+^ metabolism.
--------------------------------------

The central role of NAD^+^ in nutrient breakdown and metabolic sensing requires a delicate balance in its production and utilization. NAD^+^ levels are controlled by balancing biosynthesis and salvage on one side, and breakdown on the other ([Fig. 2 B](#fig2){ref-type="fig"}). NAD^+^ can be synthesized from the amino acid tryptophan, but its prime precursors include NA and NAM and the more recently identified nicotinamide riboside (NR; [Fig. 2 B](#fig2){ref-type="fig"}; [@bib9]). Conversely, the main NAD^+^ breakdown pathways involves three enzyme classes, i.e., sirtuins, poly(ADP-ribose) polymerases (PARPs), and cyclic ADP-ribose synthases ([Fig. 2 B](#fig2){ref-type="fig"}). Although PARPs and cyclic ADP-ribose synthases play a crucial role in NAD^+^ homeostasis, their function by itself is less relevant for our story, which is why we will not discuss them in detail and refer the reader to a recent review ([@bib23]).

Modulation of NAD^+^ levels.
----------------------------

The NAD^+^/sirtuin pathway adapts metabolism in response to environmental (nutrition, exercise) challenges. During energy crises such as caloric restriction, fasting, and exercise, NAD^+^ levels rise, concomitant with sirtuin activation ([@bib15]; [@bib13]), while energy overload, such as seen with a high-fat diet, reduces the NAD^+^/NADH ratio ([@bib28]).

Besides physiological processes, NAD^+^ levels can be modulated pharmacologically. As a case in point, the polyphenol resveratrol, often described as a red wine compound, activates the energy sensor AMP-activated protein kinase (AMPK; [@bib7]; [@bib12]), which in turn stimulates NAD^+^ (re)synthesis ([@bib18]; [@bib12]). Alternatively, supplying precursors or inhibiting NAD^+^ consumers also increases NAD^+^ levels. Supplementation of NA, NR, or NAD^+^ biosynthesis intermediates, like nicotinamide mononucleotide (NMN), increases NAD^+^ levels in cultured cells or in tissues of mice receiving the compounds ([@bib45]; [@bib14]). Similarly, treatment with either inhibitors of PARPs ([@bib4]) or CD38 ([@bib5]), both enzymes that consume NAD^+^, will induce NAD^+^ levels and results in the activation of the sirtuins. Importantly from a therapeutic perspective, because NR and probably also the other precursors can be metabolized both in the nucleus and in mitochondria, NR supplementation leads to accumulation of nuclear and mitochondrial NAD^+^, and subsequent activation of both the nuclear SIRT1 and the mitochondrial SIRT3 ([@bib14]). On the other hand, the NAD^+^ consumer PARP1 is confined to the nucleus. This implies that increased NAD^+^ levels in tissues of *Parp1* knockout mice are accompanied by nuclear SIRT1, but not mitochondrial SIRT3, activation ([@bib4]). Future work will have to address whether PARP inhibitors also activate the other nuclear sirtuins, SIRT6 and SIRT7, and how inhibitors of the ectoenzyme CD38 modulate subcellular NAD^+^ levels and sirtuin activity.

Sirtuin activation and mitochondrial metabolism.
------------------------------------------------

The yeast sirtuin enzyme Sir2p was described to prevent genome instability in yeast, thereby acting as an anti-aging factor ([@bib20]; [@bib25]). In mammals, the sirtuin family consists of seven members, SIRT1--7, with distinct enzymatic activities and subcellular localization ([@bib25]). As discussed earlier, sirtuins function mainly as deacetylases and are optimally placed to translate changes in nutritional state to metabolic adaptations. SIRT1 is the best-characterized sirtuin and is implicated in many nonmetabolic processes as well. The prime metabolic target for SIRT1 is PGC-1α, a cofactor that regulates mitochondrial biogenesis and function ([Fig. 2 A](#fig2){ref-type="fig"}; [@bib31]). From the other SIRT1 deacetylation targets, the forkhead transcription factor FOXO1 is worth mentioning in this context as it modulates mitochondrial fatty acid metabolism and protects against oxidative stress ([@bib42]). The key mitochondrial sirtuin, SIRT3, targets several proteins involved in fatty acid metabolism and ketogenesis, and antioxidant enzymes ([Fig. 2 A](#fig2){ref-type="fig"}; [@bib25]), although its real physiological role in metabolic control is still debated ([@bib22]; [@bib17]). Through this multitude of sirtuin targets, NAD^+^ has a profound effect on mitochondrial function in general, although future work will need to clarify how these pleiotropic actions are controlled by specific sirtuins.

Clinical application of NAD^+^ metabolism---the bedside
-------------------------------------------------------

With the central position of NAD^+^ in cellular metabolism in mind, the question is whether increasing its level could indeed be clinically beneficial, similar to the effects of caloric restriction. The key to answering this question is whether NAD^+^ is a limiting factor for the enzymes that require NAD^+^ as a cosubstrate. In support of this premise is the fact that high-dose vitamin and micronutrient therapy have been known to yield pleiotropic beneficial effects on multiple metabolic pathways ([@bib2]). Boosting NAD^+^ levels may hence have similar favorable effects on pathways that require NAD^+^ as a cosubstrate.

### Hyperlipidemia.

For a long time, patients with hyperlipidemia have been treated with niacin ([@bib1]), often in combination with statins to lower cholesterol biosynthesis. Although the G protein--coupled receptor GPR109A was linked to the effects of niacin ([@bib41]), an increase in NAD^+^ could also contribute, especially considering the central role of sirtuin enzymes in lipid metabolism ([@bib37]; [@bib25]). Arguing in favor of the latter hypothesis is the fact that high doses of niacin (grams/day) are required for lipid lowering, while the EC~50~ for GPR109A (i.e., concentration to activate 50% of the receptor; ∼250 nmol/L) is rather low ([@bib44]). Interestingly, supplementation with NR decreased the LDL/HDL ratio in mice without activating GPR109A, suggesting that this may be true ([@bib14]). This would circumvent the GPR109A-mediated adverse effects, such as flushing, observed upon high-level niacin intake ([@bib14]). Further mechanistic studies with other NAD-centered approaches leading to sirtuin activation are required to establish the potential of the NAD^+^/sirtuin axis for lipid lowering.

### Inherited mitochondrial diseases.

As described in the "Sirtuin activation and mitochondrial metabolism" section, modulating NAD^+^ levels has profound effects on mitochondrial function, through the actions of SIRT1 and SIRT3 primarily ([@bib25]). Hence, it is tempting to speculate that compounds altering NAD^+^ levels could be used to treat or alleviate inherited diseases of mitochondrial function that often affect young children. Indications of the success of such an approach in mouse models are emerging. For instance, treatment with the AMPK agonist, AICAR, rescued the mitochondrial dysfunction and the limited exercise capacity of cytochrome *c* oxidase--deficient mice ([@bib43]). This effect could well be linked to the fact that AMPK activation boosts NAD^+^ generation, subsequently stimulating SIRT1 and mitochondrial homeostasis ([@bib11]), although this has not been conclusively demonstrated. Inherited metabolic diseases, which are often rare, may therefore be good therapeutic indications to test the potential effects of strategies to induce NAD^+^ levels.

### Acquired mitochondrial diseases.

Mitochondrial dysfunction is critically involved in the development of metabolic (e.g., obesity, type 2 diabetes) and neurodegenerative diseases (e.g., Alzheimer's, Parkinson's; [@bib30]; [@bib24]; [@bib33]). This suggests that improving mitochondrial homeostasis, for instance by activating the sirtuin pathway, would result in clinically relevant effects. In support of this hypothesis, high *Sirt1* mRNA expression in adipose tissue of nondiabetic offspring of type 2 diabetic patients corresponds to increased energy expenditure and insulin sensitivity ([@bib36]). The link is further corroborated as several NAD^+^ boosters, including resveratrol, NMN, and NR, improve mitochondrial function in mice and correct the metabolic disturbances instigated by a high-fat diet regimen ([@bib7]; [@bib29]; [@bib45]; [@bib14]). PARP inhibitors could be an attractive alternative to increase NAD^+^ and improve metabolic flexibility ([@bib4]), as these compounds are in phase III trials as anti-cancer agents ([@bib35]). The fact that PARP inhibitors increase oxidative metabolism---an anti-Warburg effect---could actually contribute to their efficacy against cancers ([@bib4]). Based on the phenotype of the *Parp2*-deficient mice, however, care should be taken to exclude that the pancreatic dysfunction observed in these mice interferes with the beneficial effects seen in PARP inhibitor--treated mice ([@bib3]). Finally, it is encouraging that the AMPK agonist resveratrol also activates mitochondrial function in humans ([@bib38]) at a dose that is more than 200-fold lower than the dose used in mice ([@bib7]; [@bib29]). Clinically, resveratrol improved metabolic parameters such as blood glucose and inflammatory markers ([@bib39]). Given the fact that several compounds are on the market (e.g., niacin), in clinical development (e.g., PARP inhibitors), or can be easily developed because they are natural products (e.g., NR), new detailed clinical studies targeting the NAD^+^/sirtuin pathway are to be expected soon. It is important to keep in mind, however, that side effects that may be acceptable for those afflicted with devastating and debilitating mitochondrial genetic diseases may be unacceptable in the wider, generally healthy population suffering from acquired mitochondrial diseases.

### Aging and age-related metabolic diseases.

Aging is intimately linked with metabolism ([@bib24]). Based on data in lower model organisms and beneficial effects on metabolism and many age-related diseases, SIRT1 was considered as a bona fide anti-aging protein (for more detailed discussion, see [@bib25]). This initial excitement is now toned down, as SIRT1 overexpression or resveratrol treatment by themselves may not always be sufficient to extend lifespan in a major fashion ([@bib40]; [@bib26]; [@bib6]; [@bib10]). This circumstance may be analogous to the situation for many nuclear receptors, where the activation of a given endocrine pathway requires both the presence of the receptor and availability of the corresponding ligand. This premise was underscored by the fact that nuclear receptor knockout mice are almost never a mirror image of ligand activation. Therefore, it is interesting to see whether pharmacological activation, by boosting levels of the rate-limiting NAD^+^ cosubstrate, in the context of SIRT1 overexpression could synergistically prolong life.

Still, there is ample evidence that SIRT1 activation can improve health and prevent age-related disease. SIRT1 overexpressing transgenic mice are protected against age-related development of diabetes, and have lower incidence of carcinomas and sarcomas, even though they do not live longer ([@bib21]), suggesting that *Sirt1* regulates healthy aging rather than lifespan itself. Mice that were metabolically challenged with a high-fat diet also lived longer when resveratrol was supplemented in the diet ([@bib34]). Unfortunately, even though there is strong evidence that resveratrol and other AMPK activators increase NAD^+^ levels and SIRT1 activity, they may have pleiotropic effects, and therefore pure NAD^+^ boosters should undergo further testing for their effects on aging.

Perspectives
------------

The identification of the NAD^+^--sirtuin--mitochondria axis opened an exciting new area of research with great clinical potential. Even though the field suffered from overexcitement in early years, when the miracle genes and drugs were glorified in scientific and public media, a more realistic sense of belief has settled in now. Given the robust impact of the NAD^+^--sirtuin pathway on mitochondrial and metabolic homeostasis, it is almost certain that future studies will further bolster the clinical value of this ancient and evolutionary conserved signaling pathway. It is therefore expected that a variety of new pharmaceutical and nutriceutical "NAD^+^ compounds" may find their way to the clinic. Even though such "NAD^+^ therapeutics" may not become life extension drugs, we are convinced they will maintain mitochondrial fitness and support a healthy life.
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